Many plants have undergone whole genome duplication (WGD). However, how regulatory networks underlying a particular trait are reshaped in polyploids has not been experimentally investigated. Here we show that the regulatory pathways modulating seed oil content, which involve WRINKLED1 (WRI1), LEAFY COTY-LEDON1 (LEC1), and LEC2 in Arabidopsis, have been modified in the palaeopolyploid soybean. Such modifications include functional reduction of GmWRI1b of the GmWRI1a/GmWRI1b homoeologous pair relevant to WRI1, complementary non-allelic dosage effects of the GmLEC1a/GmLEC1b homoeologous pair relevant to LEC1, pseudogenization of the singleton GmLEC2 relevant to LEC2, and the rise of the LEC2-like function of GmABI3b, contrasting to its homoeolog GmABI3a, which maintains the ABSCISIC ACID INSENSITIVE 3 (ABI3)-like function in modulating seed maturation and dormancy. The function of GmABI3b in modulating seed oil biosynthesis was fulfilled by direct binding to a RY (CATGCA) cis-regulatory element in the GmWRI1a promoter, which was absent in the GmWRI1b promoter, resulting in reduction of the GmWRI1b expression. Nevertheless, the three regulators each exhibited similar intensities of purifying selection to their respective duplicates since these pairs were formed by a WGD event that is proposed to have occurred approximately 13 million years ago (mya), suggesting that the differentiation in spatiotemporal expression between the duplicated genes is more likely to be the outcome of neutral variation in regulatory sequences. This study thus exemplifies the plasticity, dynamics, and novelty of regulatory networks mediated by WGD.
INTRODUCTION
Soybean (Glycine max) seed oil is a primary source of edible oil for humans and a major renewable feedstock for biodiesel production (Clemente and Cahoon, 2009) . With the rapid growth of human consumption and industrial use, the demand for soybean oil has increased substantially and will continue to increase. As such, increasing soybean seed oil content, as well as improving oil quality, has become a major breeding objective worldwide. However, increasing relative oil content in soybean seeds is complicated partly due to potential negative correlations of this trait with seed protein content and yield potential (Wilson, 2004) . These traits are generally quantitative and each controlled by multiple quantitative trait loci (QTLs) with relatively small effects on corresponding traits, and thus difficult to dissect by classical genetics approaches. In addition, the variation of soybean germplasm for seed oil content is substantially lower than that for seed protein content (Clemente and Cahoon, 2009) , making it even more difficult to identify QTLs underlying soybean seed content. As a result, little information is known regarding how soybean seed oil production is genetically regulated. The lack of such knowledge has limited our ability to effectively enhance soybean seed oil content with optimized oil compositions but without compromising soybean yield to meet the increasing demands.
Over the past few decades, tremendous efforts have been made, primarily in Arabidopsis, towards dissection of biochemical pathways for seed oil biosynthesis (Lardizabal et al., 2008; Zhang et al., 2009) . By contrast, only a few transcription factors (TFs) (i.e., WRINKLED1 (WRI1), LEAFY COTYLEDON1 (LEC1), and LEC2) modulating seed oil biosynthesis have been identified in Arabidopsis (Focks and Benning, 1998; Baud et al., 2007; Mu et al., 2008; To et al., 2012) . WRI1 encodes an APETALA2 (AP2)/ethyleneresponsive element-binding protein (EREBP) TF, LEC1 encodes a HAP3 subunit of a CCAAT-binding TF, and LEC2 encodes a B3 domain TF. Null mutations at these loci generally lead to reduction in seed oil content (Focks and Benning, 1998; Lotan et al., 1998; Santos et al., 2005) , whereas overexpression of the genes results in increases in seed oil content (Santos et al., 2005; Shen et al., 2010; Hofvander et al., 2016) . WRI1 directly targets several genes encoding enzymes involved in the FA biosynthetic pathways (Maeo et al., 2009; To et al., 2012) , whereas the regulatory functions of LEC1 and LEC2 are implemented by indirect and direct targeting of WRI1, respectively (Baud et al., 2007; Shen et al., 2010) . Similar to LEC2, ABSCISIC ACID INSEN-SITIVE3 (ABI3) and FUSCA3 (FUS3) also encode B3 domain TFs, but these two genes were found to primarily modulate seed maturation and dormancy (Giraudat et al., 1992; Luerssen et al., 1998; Nambara et al., 2000) . More recently, the functional counterparts of WRI1 and/or LEC1 have been identified in a few other plants including rapeseed (Brassica napus), maize (Zea mays), and oil palm (Elasis guineensis) as regulators of seed FA biosynthesis (Liu et al., 2010; Shen et al., 2010; Pouvreau et al., 2011; Ma et al., 2013) , suggesting that the regulatory mechanisms across species are highly conserved.
Despite the observed interspecific conservation of these regulators, how the regulatory mechanisms of FA biosynthesis were reshaped by rounds of whole genome duplication (WGD) ubiquitously occurred in flowering plants remains poorly understood. It is suggested that soybean has undergone two rounds of WGD after its divergence from the Arabidopsis lineage: one occurred at~13 million years ago (mya) after its split from common bean (Phaseolus vulgaris) at~19 mya, while the other at~59 mya (Lavin et al., 2005; Schmutz et al., 2010 Schmutz et al., , 2014 . In the soybean reference genome, approximately two-thirds of the predicted genes exist as duplicated gene pairs derived from the~13-mya WGD event, while the remaining one-third have reverted to singletons (Schmutz et al., 2010; Du et al., 2012) . Evolutionary models predict that duplicated genes can be functionally diverged (e.g., neofunctionalized or subfunctionized), leading to their long-term retention (Force et al., 1999; Lynch et al., 2001; Taylor and Raes, 2004; Innan and Kondrashov, 2010) . Such divergence was often interpreted by different intensities of purifying selection and/or distant expression patterns between duplicated genes, although differential expression could also be the outcome of neutral variation such as losses of tissue-specific silencer-like or enhancer-like elements. Duplicated genes can also be retained without functional changes to maintain their dosage balance (Birchler et al., 2005; Veitia et al., 2008; Birchler and Veitia, 2012) . Some of these hypotheses above are supported by recent observations from soybean (Tian et al., 2010; Du et al., 2012; Wang et al., 2015) , but how genetic pathways or networks underlying a particular plant trait were modified following WGD have not been experimentally characterized.
In this study, we first identified soybean genes closely related to the Arabidopsis regulators WRI1, LEC1, LEC2, ABI3, and FUS3 by comparative genomics and phylogenetic analyses, and then identified 'functional counterparts' of these regulators in soybean by an integrated approach that includes profiling of gene expression, complementation test, detection of gene-gene interaction, and association analysis between levels of gene expression and seed oil content at the population level, and evolutionary analysis of duplicated genes. Through these analyses, we were able to demonstrate the plasticity and innovation of regulatory mechanisms underlying seed oil biosynthesis mediated by WGD in soybean.
RESULTS
Identification of soybean genes closely related to WRI1, LEC1, LEC2, ABI3, and FUS3
As an initial step towards identification of the functional counterparts of the Arabidopsis WRI1, LEC1, and LEC2 in soybean, homologous genes closely related to WRI1, LEC1, and LEC2 in the soybean reference genome (Schmutz et al., 2010) were identified by BLAST search and phylogenetic analysis (Figure 1 and Table S1 ). To better illustrate the evolutionary history of these homologs in soybean, their closely related homologs in the common bean reference genome (Schmutz et al., 2014) were also identified. Genomic regions surrounding these homologs from the three species were compared to determine whether they are syntelogs, a fusion of 'homologs' and 'synteny' ( Figure S1 ). In all the regions compared, synteny between Arabidopsis and the two legumes was barely detected. Nevertheless, two WRI1 homologs in soybean (GmWRI1a and GmWRI1b) and one WRI1 homolog in common bean (PvWRI1), and two LEC1 homologs in soybean (GmLEC1a and GmLEC1b) and one LEC1 homolog in common bean (PvLEC1a) were clearly demonstrated as two groups of syntelogs. Similar to GmLEC1a/GmLEC1b, and PvLEC1a, the other two LEC1 homologs in soybean (GmLEC1c and GmLEC1d) and one LEC1 homolog in common bean (PvLEC1b) are phylogenetically close to LEC1 (Figure 1b ), but they were not detected as intraspecific or interspecific syntelogs. Only a single LEC2 homolog in soybean (GmLEC2) and a single LEC2 homolog in common bean (PvLEC2) were found to be closely related to LEC2 (Figure 1c ), but they were not identified as syntelogs either. According to previous analyses of duplicated genes in soybean (Schmutz et al., 2010; Du et al., 2012; Zhao et al., 2015) , GmWRI1a/GmWRI1b and GmLEC1a/GmLEC1b are considered to be two homoeologous pairs formed by the~13-mya WGD event ( Figure S2 ), which are likely to be the orthologs of the Arabidopsis WRI1 and LEC1, respectively.
As the LEC2 syntelogs were not found in either soybean or common bean, four additional genes (dubbed GmFUS3a, GmFUS3b, GmABI3a, and GmABI3b) in soybean and two additional genes in common bean (dubbed PvFUS3 and PvABI3), which share high degrees of homology with LEC2, were identified and analyzed (Figure 1c ). According to our previous analyses (Schmutz et al., 2010; Du et al., 2012; Zhao et al., 2015) , GmFUS3a/GmFUS3b and GmABI3a/GmABI3b are two homoeologous pairs formed by the~13-mya WGD event ( Figure S2 ). GmFUS3a/ GmFUS3b and PvFUS3, and GmABI3a/GmABI3b and PvABI3 are two groups of syntelogs (Figure S1b, c) , which are most closely related to the Arabidopsis FUS3 and ABI3, and are possibly, the FUS3 and ABI3 orthologs, respectively.
Evolutionary and expression patterns of the WRI1, LEC1, LEC2, ABI3 and FUS3 syntelogs/homologs in soybean
To understand the functional constraints on the proteins encoded by the WRI1, LEC1, LEC2, ABI3 and FUS3 syntelogs/homologs in soybean, the evolutionary rates of the soybean homoeologs were estimated and compared following a protocol described earlier (Ma et al., 2004) , using corresponding putative syntelogs in common bean as the references. As shown in Figure S3 , the two members of each of the GmWRI1a/GmWRI1b, GmLEC1a/GmLEC1b, and GmABI3a/GmABI3b homoeologous pairs showed very similar evolutionary rates as reflected by non-synonymous substitution rates (Ks), synonymous substitution rates (Ka), and their ratios (x), suggesting that the two members of each of the three duplicated gene pairs have experienced similar intensities of purifying selection. Only GmFUS3a and GmFUS3b appear to have undergone noticeably distinct strengths of purifying selection. Among the 11 soybean genes, GmLEC1c/GmLEC1d showed an average of three to five times higher Ks than the others, suggesting that PvLEC1b is less likely to be the ortholog of GmLEC1c and/or GmLEC1d. The Ks detected between GmLEC2 and PvLEC2 is close to the Ks detected between GmLEC1a/ GmLEC1b and PvLEC1a and between GmFUS3a/GmFUS3b and PvFUS3, suggesting that GmLEC2 and PvLEC2 are likely to be orthologs.
AtWRI1

GmWRI1b
GmWRI1a
PvWRI1
To extrapolate which of the 11 soybean genes, GmWRI1a, GmWRI1b, GmLEC1a, GmLEC1b, GmLEC1c, GmLEC1d, GmLEC2, GmABI3a, GmABI3b, GmFUS3a, and GmFUS3b, may be responsible for modulating seed FA biosynthesis in soybean, the expression patterns of these genes as detected by RNA-seq of a set of diverse tissues (e.g., roots, nodules, stems, leaves, cotyledons, pod shells, flower, and seeds) at different developmental stages (Shen et al., 2014) were retrieved and analyzed. GmWRI1a, GmWRI1b, GmLEC1a, GmLEC1b, GmABI3a, GmABI3b, were mainly expressed in developing seeds. GmLEC1c, and GmLEC1d showed extremely lower levels of expression than GmLEC1a and GmLEC1b in developing seeds. GmFUS3a and GmFUS3b were both expressed in developing seeds, but their expression levels were substantially lower than those of GmABI3a and GmABI3b. Surprisingly, no expression of GmLEC2 was detected in any of these tissues.
GmWRI1a is the functional counterpart of WRI1, whereas GmWRI1b exhibited reduced function in modulating seed oil biosynthesis
Because of high levels of sequence similarity between two members of individual homoeologous gene pairs, it was often difficult to accurately measure the expression levels of homoeologous genes by mapping short RNA-seq reads to the soybean reference genome (Zhao et al., 2015) . Thus, the expression levels of GmWRI1a and GmWRI1b in developing seeds across eight reproductive stages (i.e., R1-R8) were re-evaluated by quantitative-real time-PCR (qRT-PCR). Overall GmWRI1a was expressed at substantially higher levels than GmWRI1b in developing seeds at all eight reproductive stages examined:~17.5-fold difference at the R5 stage (seeds are 3 mm long in the pod at one of the four uppermost nodes on the main stem), when both genes are expressed at the highest levels (Figures 2 and  S4 ). Despite such a difference in abundance of transcripts between GmWRI1a and GmWRI1b, overall the two genes (g, h) Correlation between the expression levels of GmWRI1a and GmWRI1b in developing seeds at R5 stage and seed oil content in mature seeds of a representative soybean population (Table S3) .
exhibited correlated expression patterns across the eight reproductive stages (Table S2 ).
To determine if GmWRI1a and GmWRI1b possess transcriptional activity, the coding sequences (CDSs) of the two genes were individually cloned in frame with the GAL DNA-binding domain vector pGBKT7 (GAL-DBD), and the fusion constructs were introduced into yeast strain AH109 containing the HIS3 (SD-Trp-His) and ADE2 (SD-Trp-HisAde) reporter genes under the control of heterologous GAL4-responsive upstream activating sequences and promoter elements. As shown in Figure 2 (c), the expression of the two reporters HIS3 and ADE2 was activated in the presence of either GmWRI1a or GmWRI1b fused to GAL-DBD, thus establishing their transcriptional activity. As expected, both GmWRI1a and GmWRI1b, as TFs, are localized in nucleus ( Figure 2d ).
To elucidate whether GmWRI1a and GmWGR1b play the same role as WRI1 possesses for FA biosynthesis, the GmWRI1a and GmWRI1b alleles with their respective native promoters and terminators (ProGmWRI1a: GmWRI1a:TerGmWRI1a and ProGmWRI1b:GmWRI1b: TerGmWRI1b) ( Figure 2e ) were introduced into the Arabidopsis wri1 mutants (Baud et al., 2007) separately, and obtained corresponding T2 transgenic lines. The seed FA content in the ProGmWRI1a:GmWRI1a:TerGmWRI1a transgenic lines was similar to observed in the wild-type Arabidopsis (Figure 2f ), indicating that GmWRI1a in the wri1 mutants fully complemented the function of WRI1. The seed FA content in the ProGmWRI1b:GmWRI1b:TerGmWRI1b transgenic lines was slightly higher than observed in the wri1 mutant, but significantly lower than observed in the wild-type Arabidopsis (P < 0.01) (Figure 2f ), suggesting that the functional role of GmWRI1b in modulating FA biosynthesis has been substantially reduced to a level that could not be phenotypically detected.
To understand how the GmWRI1b function in modulating FA biosynthesis was reduced, two chimeric GmWRI1a-GmWRI1b constructs were made. One combines the GmWRI1a promoter with the GmWRI1b CDS and 3 0 UTR (ProGmWRI1a:GmWRI1b:TerGmWRI1b), and the other combines the GmWRI1b promoter with the GmWRI1a CDS and 3 0 UTR (ProGmWRI1b:GmWRI1a:TerGmWRI1a) (Figure 2e) . These constructs were then introduced into the Arabidopsis wri1 mutant, individually, to obtain ProGmWRI1a:GmWRI1b:TerGmWRI1b and ProGmWRI1b: GmWRI1a:TerGmWRI1a T2 transgenic lines. The seed FA content in the ProGmWRI1a:GmWRI1b:TerGmWRI1b transgenic lines was similar to observed in the ProGmWRI1a: GmWRI1a:TerGmWRI1a transgenic lines and also similar to observed in the wild-type Arabidopsis, but the seed FA content in the ProGmWRI1b:GmWRI1a:TerGmWRI1a transgenic lines was reduced to a level similar to observed in the ProGmWRI1b:GmWRI1b:TerGmWRI1b transgenic lines ( Figure 2f ). These observations suggest that the reduced function of GmWRI1b was caused by change(s) in its promoter region.
Expression level of GmWRI1a is associated with seed oil content in soybeans, whereas that of GmWRI1b is not
To further validate their regulatory role in soybean seed oil biosynthesis, the expression levels of these two genes in developing seeds of a soybean population composed of 18 Glycine soja (the wild progenitor species) accessions, 82 cultivated varieties (Table S3 ) at the R5 (approximately 32 days after full bloom) were evaluated by qRT-PCR. The expression level of GmWRI1a is significantly correlated to the seed oil content in mature seeds based on the seed oil data available at the USDA Soybean Germplasm Collection (http://www.ars-grin.gov/npgs/) (r = 0.9450, P < 0.001) (Figures 2g , S4c and S5a,k and Table 1 ). By contrast, the expression level of GmWRI1b is not correlated to the seed oil content (r = 0.1228, P = 0.2235) (Figures 2h, S4d and S5b,i and Table 1 ). These observations, together with the complementation test (Figure 2f ), suggest that GmWRI1a is the Arabidopsis WRI1 equivalent and key regulator of seed FA biosynthesis in soybean. This is consistent to the observations obtained from the complementation test (Figure 2f ).
Both GmLEC1a and GmLEC1b are functional counterparts of LEC1 and exhibit complementary dosage effect on seed oil content
The expression patterns of GmLEC1a, GmLEC1b, GmLEC1c, and GmLEC1d in developing seeds of Williams 82 at the eight reproductive stages were re-evaluated by qRT-PCR. Overall the expression patterns of the Correlations of GmWRI1a, GmWRI1b, GmLEC1a, GmLEC1b, and GmABI3b with seed oil content were examined using a population of 100 soybean accessions listed in Table S3 , and correlation of GmABI3a with seed oil content was examined using nine representative soybean accessions (PI 393551, PI 366120, PI 407282, PI 423954, PI 587799, PI 567368, PI 548520, PI 548638, and PI 548634) from the population.
homoeologous GmLEC1a and GmLEC1b across the eight reproductive stages are significantly correlated with each other and with the expression patterns of GmWRI1a (Figures 3 , S6 and S7 and Table S2 ). Similar to GmWRI1a, both GmLEC1a and GmLEC1b reached the highest levels of expression at the R4 and R5 stages. By contrast, GmLEC1c and GmLEC1d displayed expression levels approximately 1000 times lower than GmLEC1a and GmLEC1b (Figures 3a,b , S6a,b, S7 and S8). In addition, the transcripts of neither GmLEC1c nor GmLEC1d were detected in any other tissues including roots, cotyledons, stems, leaves, and flowers by RNA-seq (Shen et al., 2014) . Thus, GmLEC1c and GmLEC1d were unlikely to be involved in regulation of seed FA biosynthesis, and were not included for further functional analyses.
To determine whether GmLEC1a and GmLEC1b are involved in regulation of seed FA biosynthesis, GmLEC1a and GmLEC1b with their respective native promoters and terminators were introduced into the Arabidopsis lec1 mutant (Lotan et al., 1998; Mu et al., 2008) , individually, to produce GmLEC1a T2 transgenic lines and GmLEC1b T2 transgenic lines. The seed FA contents in the GmLEC1a and GmLEC1b transgenic lines are similar, and both are significantly increased compared with that in the lec1 mutant (Figure 3c ), indicating that both GmLEC1a and GmLEC1b are involved in regulation of seed FA biosynthesis. Nevertheless, neither the GmLEC1a nor the GmLEC1b transgenic lines reached the seed FA content as high as observed in the wild-type Arabidopsis (Figure 3c ).
To understand how GmLEC1a and GmLEC1b maintain their functions, we made a cross between the homozygous GmLEC1a and GmLEC1b T2 transgenic lines in the lec1 background as described above and obtained F1 hybrids, which are heterozygous at the inserted GmLEC1a and GmLEC1b loci. The seed FA content in the F1 hybrids are elevated to a level similar to observed in the wild type (i.e., LEC1) Arabidopsis (Figure 3c ), suggesting that GmLEC1a and GmLEC1b have complementary non-allelic effects on regulation of seed FA biosynthesis. The expression levels of these two genes in developing seeds of the 18 Glycine soja accessions and 82 cultivated varieties at the R5 stage were subsequently measured. The expression levels of either GmLEC1a or GmLEC1b were significantly correlated to the seed FA content (Figures 3j,k and S6g,h), and to the expression levels of GmWRI1a (Figures 4 and S9 and Table S2 ), suggesting that both GmLEC1a and GmLEC1b function as positive regulators of seed FA biosynthesis in soybean.
GmLEC2 is likely to have been pseudogenized, whereas GmABI3b possesses the LEC2-Like function Given that GmLEC2 is the only soybean gene phylogenetically grouped into the LEC2 lineage, the absence of any GmLEC2 transcripts in diverse soybean tissues as revealed by the RNA-seq data (Shen et al., 2014) was an unexpected observation. Several pairs of primers were designed based on the predicted coding sequence of GmLEC2 and used for RT-PCR analysis, and no transcripts of GmLEC2 were detected in various soybean tissues including roots, cotyledons, stems, leaves, flowers, and seed pods of Williams 82 and in the R5-stage developing seeds from the 100 representative soybean accessions ( Figure S10 ). The lack of GmLEC2 transcripts suggests that GmLEC2 is likely to have been pseudogenized or non-functionalized with regard to its anticipated ancestral function in modulating seed FA biosynthesis. In an attempt to search for the functional equivalent of LEC2, if exists, in soybean, the expression patterns of GmABI3a and GmABI3b, and GmFUS3a and GmFUS3b in developing seeds at the eight (R1-R8) reproductive stages were examined by qRT-PCR. These two homoeologous pairs are most closely related to the Arabidopsis ABI3 and FUS3, which are primarily responsible for seed maturation and establishment of seed dormancy, and are predominantly expressed in the late stage of seed development ( Figure S11 ) (Giraudat et al., 1992; Luerssen et al., 1998; Nambara et al., 2000) . Similar to GmWRI1a, GmLEC1a, and GmLEC1b, GmABI3b showed the highest expression levels in developing seeds at the R4 and R5 stages, whereas GmABI3a, GmFUS3a, and GmFUS3b were expressed at the highest levels in developing seeds at the R7 and R8 stages towards seed maturity (Figures 3d,e,g,h) and S6c-f). In addition, the expression pattern of GmABI3b in developing seeds across the eight stages was correlated to those of GmWRI1a, GmLEC1a, and GmLEC1b (Figure S7a,c and Table S2 ). By contrast, such correlations were not detected between the expression pattern of GmABI3b and those of GmABI3a, GmFUS3a, and GmFUS3b (Figures 3e, S6d and S7b,d and Table S2 ), suggesting that GmABI3b may be involved in regulation of seed FA biosynthesis in soybean.
To determine if GmABI3b possesses the LEC2-like function in modulating seed FA biosynthesis in soybean, GmABI3b and GmABI3a with their respective native promoters and terminators were introduced individually into the Arabidopsis lec2 mutant, and obtained GmABI3b and GmABI3a T2 transgenic lines. FA content in the GmABI3b transgenic lines was significantly increased compared with that in the lec2 mutant (Santos et al., 2005) , and reached to the same level as observed in the wild-type Arabidopsis (Figure 3f ). By contrast, the FA content in the GmABI3a transgenic lines was not significantly changed (Figure 3f ). These observations suggest that GmABI3b possesses the LEC2-like function, whereas GmABI3a does not. GmFUS3a and GmFUS3b with their respective native promoters and terminators were also introduced individually into the Arabidopsis lec2 mutant to generate GmFUS3a and GmFUS3b T2 transgenic lines. No significant changes of FA content in these transgenic lines were observed compared with that in the lec2 mutant (Figure 3i ), suggesting that GmFUS3a and GmFUS3b do not possess the LEC2-like function in modulating seed FA biosynthesis. The expression levels of GmABI3b and GmABI3a in developing seeds at the R5 stage in the 18 Glycine soja accessions and 82 cultivated varieties were measured by qRT-PCR. The expression levels of GmABI3b are significantly correlated to the seed oil content (http://www.arsgrin.gov/npgs/), whereas, such a correlation was not detected between the expression levels of GmABI3a and the seed oil content (Figures 3,4i ,b, S9b and S5g,h,q,r and Table S2 ). These observations further validate the functional role of GmABI3b as a LEC2-like positive regulator in modulating seed FA biosynthesis in soybean.
To further understand the functional roles of the GmABI3b and GmABI3a duplicates, the GmABI3b and GmABI3a constructs with their respective native promoters and terminators were introduced individually into the Arabidopsis abi3 mutant and obtained GmABI3b and GmABI3a T2 transgenic seeds. These seeds were placed on the ½MS medium with 2 lM abscisic acid (ABA), which prevents loss of seed dormancy and thus inhibits or delays the germination of the wild type (ABI3) seeds (Giraudat et al., 1992; Luerssen et al., 1998; Nambara et al., 2000) . Similar to those observed in the wild type (ABI3), the GmABI3a transgenic lines in the Arabidopsis abi3 background showed a severe delay of germination on the ABA medium. By contrast, the seeds of the GmABI3b transgenic line in the Arabidopsis abi3 background germinated on the ABA medium as quickly as those of the abi3 mutant ( Figure 5 ), which are insensitive to ABA (Giraudat et al., 1992; Luerssen et al., 1998; Nambara et al., 2000) . Thus, GmABI3a was able to complement the ABI3 function in the abi3 mutant, whereas GmABI3b was not. These observations together with the complementation test of GmABI3b and GmABI3a in the Arabidopsis lec2 mutant suggest that GmABI3a has retained the ABI3-like function, in contrast to the LEC2-like function of GmABI3b, although such functional difference could be solely caused by changes in their spatiotemporal expression.
GmABI3b functions by direct binding to the RY motif of the GmWRI1a promoter, which is absent in the GmWRI1b promoter
Given that WRI1 is a target of LEC2 and necessary for the regulatory action of LEC2 towards FA biosynthesis in Arabidopsis (Baud et al., 2007) , we wondered whether GmABI3b implements its LEC2-like function in soybean by targeting GmWRI1a and GmWRI1b. To address this question, a fusion of the GmABI3b protein to the hormonebinding domain of the rat glucocorticoid receptor (GR), under the control of 35S promoter (Pro35S:GmABI3b-GR), was created and transformed into the hairy roots of the soybean cultivar Kefeng 1. To examine potential effect of GmABI3b activation on GmWRI1a and GmWRI1b expression in the Pro35S:GmABI3b-GR transgenic roots, both transgenic and non-transgenic hairy roots were treated with the steroid hormone dexamethasone (DEX), the protein synthesis inhibitor cycloheximide (CHX) or both (Santos et al., 2005) , and then expressional changes of GmWRI1a and GmWRI1b were measured by qRT-PCR. As illustrated in Figures 6 and S12 , the expression level of GmWRI1a was significantly increased after the treatment with DEX in transgenic roots, indicating that DEX induced nuclear translocation of GmABI3b-GR fusion protein, resulting in the activation of GmWRI1a. The expression level of GmWRI1a was also increased significantly in the presence of both DEX and CHX, but not increased in the presence of CHX alone. These observations suggest that GmABI3b can transcriptionally activate GmWRI1a directly without requiring protein synthesis. By contrast, the activation of the GmABI3b-GR fusion protein by DEX did not increase the expression level of GmWRI1b (Figures 6b and S12b), indicating that GmWRI1b is not regulated, either directly or indirectly, by GmABI3b in soybean. Although it remains unclear whether LEC2 directly targets WRI1, LEC2 was found to be able to bind specifically to RY motifs (CATGCA) of the promoter regions of its downstream targets involved in seed maturation in Arabidopsis (Braybrook et al., 2006) . We found that the RY motif is present in the promoter regions of both WRI1 and GmWRI1a, but absent in GmWRI1b. Hence, we postulated that GmABI3b may implement its LEC2-like function by direct binding to the RY motif of the GmWRI1a promoter. To test this postulation, a GmABI3b-6xHis fusion protein was created and isolated from the Escherichia coli (strain BL21), and used to examine potential binding of the fusion protein with the RY motif of the GmWRI1a promoter by electrophoretic mobility-shift assay (EMSA) analysis. As shown in Figure 6 (c), binding of GmABI3b with the RYmotif of GmWRI1a was detected. These findings not only echo the earlier observation that reduced function of GmWRI1b was caused by change(s) in its promoter region, but further suggest that the sequence variation that led to the absence of the RY-motif in the promoter region of GmWRI1b and thus the inability of GmABI3b to target GmWRI1b is most likely responsible for the reduced expression of GmWRI1b in modulating seed FA biosynthesis in soybean.
GmLEC1a/GmLEC1b indirectly interact with GmWRI1a, but do not interact with GmABI3b
LEC1 is a key upstream regulator of WRI1, and its function is at least partially dependent on WRI1 in Arabidopsis (Mu et al., 2008; Shen et al., 2010) . As GmLEC1a/GmLEC1b and GmWRI1a have been validated to be functional counterparts of LEC1 and WRI1, respectively it was suspected that GmLEC1a/GmLEC1b may implement their functions through interacting with GmWRI1a. To test this hypothesis, a GmLEC1a-GR fusion protein and a GmLEC1b-GR fusion protein were created. These constructs were expressed 
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individually in hairy roots of Kefeng 1 under the control of the 35S promoter. For both fusion proteins, the expression levels of GmWRI1a and GmWRI1b were increased significantly in the presence of DEX, whereas the expression levels of GmWRI1a and GmWRI1b were not significantly changed in the presence of CHX or in the presence of CHX and DEX both, compared with corresponding transgenic roots without any treatment (Figure 6d ,e and S12c,d), suggesting that both GmLEC1a and GmLEC1b are involved in activation of GmWRI1a/GmWRI1b transcription through indirect interaction. As GmLEC1a and GmLEC1b indirectly regulate the expression of GmWRI1a/GmWRI1b, and GmABI3b directly targets GmWRI1a, we wondered whether GmLEC1a and GmLEC1b are upstream regulators of GmABI3b. Thus, the effects of GmLEC1a and GmLEC1b activation on the expression of GmABI3b were examined. The expression levels of GmABI3b were not significantly changed in the presence of DEX, CHX, or both CHX and DEX, compared with corresponding transgenic roots without any treatment (Figures 6f and S12e), suggesting that GmABI3b is not regulated by either GmLEC1a or GmLEC1b, and that GmLEC1a/GmLEC1b-and GmABI3b-mediated pathways are independent, although they both function by activating GmWRI1a expression.
DISCUSSION
Evolutionary patterns of the duplicates: functional differentiation versus selective constraints
Although their primary roles in modulating seed oil content have been differentiated, as revealed by heterologous complementation tests and association analysis between levels of gene expression and seed oil content in soybeans, the two member of each of the three duplicated gene pairs (i.e., GmWRI1a/GmWRI1b, GmLEC1a, GmLEC1b, and GmABI3a/GmABI3b) exhibited similar intensities of purifying selection, suggesting that they have been exposed to similar selective constraints. Because the Arabidopsis WRI1, LEC1, and ABI3 all showed some mild pleiotropic effects on seed maturation and expression of seed storage protein (Raz et al., 2001; Gutierrez et al., 2007; Bentsink and Koornneef, 2008) , it is reasonable to believe that the three duplicated gene pairs in soybean may also have pleiotropic effects on other seed developmental traits regardless whether their specific roles in modulating seed oil biosynthesis have been diverged. Thus, the similar selective constraints to which these duplicates have been exposed are indeed not unexpected.
Evolutionary fates of the duplicates: conservation, divergence, and innovation
It is obvious that the functional reduction of GmWRI1b in modulating seed oil biosynthesis was caused by reduction of its expression level, and such a reduction is the outcome of sequence divergence in its promoter region rather than its coding sequence. This proposition is mainly based on three observations: First, the expression of the GmWRI1b CDS in the Arabidopsis wri1 mutant driven by the GmWRI1a promoter resulted in full recovery of the WRI1-level of seed oil content similar to recovered by the expression of the GmWRI1a CDS driven by the GmWRI1a promoter, whereas the expression of GmWRI1b driven by its promoter didn't result in a significant change of oil content (Figure 2f) . Second, the promoter region of GmWRI1b does not have the GmABI3b binding site present in the promoter region of GmWRI1a, and thus GmWRI1b cannot be activated by GmABI3b expression. Third, the expression levels of GmWRI1a were associated with seed oil content in a representative soybean population, whereas the expression levels of GmWRI1b were not. It remains unknown whether additional changes in the GmWRI1b promoter would also be responsible for the reduction of its expression. Given the conserved function of the GmWRI1a and GmWRI1b proteins, the~20-fold reduction of GmWRI1b expression relative to GmWRI1a would make the former substantially less 'functional' than the latter in modulating seed oil biosynthesis in soybean.
The complementary non-allelic dosage effects of GmLEC1a and GmLEC1b in the lec1 mutant on seed FA content appear to fit the duplication-degeneration-complementation model, According to this model, complementary degenerative changes have occurred in both copies of a duplicated gene pair such that the two copies together retain the original functions (Force et al., 1999; Lynch and Force, 2000) . Although the expression levels of GmLEC1a and GmLEC1b in the Arabidopsis lec1 mutant were driven by the two genes' own promoters, respectively, their complementary effects were not tested in soybean yet. Therefore, whether GmLEC1a and GmLEC1b have been subfunctionalized in terms of their functional roles in modulating seed oil content in soybean remains to be investigated. Nevertheless, it is worthwhile to note that the GmLEC1a/GmLEC1b pair showed highest intensities of purifying selection among the three duplicated gene pairs ( Figure S3 ). If GmLEC1a and GmLEC1b have indeed been subfunctionalized, the strong purifying selection acting on these genes would have facilitated the maintenance of their complementary functions. Alternatively, such strong purifying selection could also be associated with the selective constraints to which these genes were exposed for other pleiotropic traits. Of course, the observed complementary non-allelic dosage effects of GmLEC1a and GmLEC1b may also be the outcome of neutral variation in their regulatory regions.
Perhaps the most intriguing observations are the absence of GmLEC2 expression in any soybean tissues and the possession of the LEC2-like function taken by GmABI3b through its direct binding to the RY motif in the GmWRI1a promoter. Because the RY motif also exists in the WRI1 promoter, the absence of the RY motif in the GmWRI1b promoter is most likely responsible for the reduced expression of GmWRI1b. If the absence of the RYmotif indeed fully account for the reduced expression of GmWRI1b, the functional role of GmABI3b in activating GmWRI1a expression would be essential.
As the first glimpse, the different roles of GmABI3b and GmABI3b during seed development could be explained by neo-functionalization of GmABI3b to possess the LEC2-like function, whereas GmABI3a maintains its ancestral ABI3-like function. This explanation was not only based on the distinct expression patterns between GmABI3b and GmABI3a during seed development, but also supported by two additional observations: First, GmABI3a maintains the ABI3-like function to prevent the loss of seed dormancy in the abi3 mutant and to postpone seed germination (Giraudat et al., 1992; Luerssen et al., 1998; Nambara et al., 2000) , whereas GmABI3b does not possess such functions. Second, GmABI3a does not possess the LEC2-like function in the lec2 mutant whereas GmABI3b does. However, the distinct roles of GmABI3b and GmABI3a were tested in the Arabidopsis mutants, and whether they are functionally diverged in soybean remains unknown. In addition, GmABI3b and GmABI3a showed similar evolutionary rates. This does not seem to fit the neofunctionalization model, which predicts that the evolutionary rate of one copy of a duplicated gene pair is accelerated. Nevertheless, the distinct roles of GmABI3b and GmABI3a in modulating seed oil biosynthesis in soybeans were indicated by the detected association between the expression levels of GmABI3b and seed oil content and by the co-expression of GmABI3b with the other regulators (e.g., GmWRI1a, GmLEC1a, and GmLEC1b) in a representative soybean population, although the distinct expression patterns between GmABI3b and GmABI3a could be the outcome of neutral variation in their regulatory sequences. This hypothesis appears to be echoed by a recent study, which identified a postdomestication gain-of-function mutation in the regulatory sequence of a soybean gene encoding a MADS-box TF (Ping et al., 2014) . Such a mutation differentiated the gene's expression pattern from its homoeolog and switched the soybean plants from indeterminate type to semi-determinate type.
CONCLUSIONS
Two regulatory pathways modulating seed oil content were identified in soybean: the GmLEC1a/GmLEC1b-mediated pathway and the GmABI3b-mediated pathway. The former appears to be conserved between soybean and Arabidopsis, while the latter seems to involve the loss of GmLEC2 transcription and the rise of the LEC2-like function from GmABI3b that is primarily responsible for seed oil biosynthesis ( Figure 7 ). These two pathways merge together through indirect targeting of GmWRI1a by GmLEC1a/GmLEC1b and direct targeting of GmWRI1a by GmABI3b. These findings provide insights regarding the plasticity and dynamics of regulatory mechanisms mediated by WGD.
EXPERIMENTAL PROCEDURES Plant materials
The Arabidopsis thaliana accession Columbia (Col) was used as the wild type unless otherwise specified. The lec1 mutant is of the Wassilewskija (Ws-2) background, the wri1 and lec2 mutants are of the Col background, and the abi3-1 mutant is of the Ler background. The wri1 mutant was kindly provided by S ebastien Baud at Institut National de la Recherche Agronomique, France. The lec1 and lec2 mutants were obtained from The Arabidopsis Information Resource (TAIR) Arabidopsis Stock Center. The soybean accessions were obtained from Randall Nelson at the US Department of Agriculture-Agriculture Research Service.
DNA and RNA isolation, PCR, RT-PCR, qRT-PCR, and sequencing
These experiments were conducted following protocols previously described (Tian et al., 2010; Ping et al., 2014; Liu et al., 2016) . In qRT-PCR, the relative expression level of each gene was standardized to the soybean genes Cons4 (GenBank ID BU578186; Libault et al., 2008) or Actin11 (GenBank ID BW652479; Hu et al., 2009) . All primers used in this study are listed in Table S4 . The RNA-seq data from a set of diverse tissues (e.g., roots, nodules, stems, leaves, cotyledons, pod shells, flower, and seeds) collected at
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Subfunctionalization? Figure 7 . Diagrammatic illustration of the regulatory pathways underlying seed oil biosynthesis reshaped by WGD in soybean and proposed models of evolutionary consequences of duplicated genes. The solid arrow indicates direct interaction, whereas the dotted arrow indicates indirect interaction. R1-R8 represents eight reproductive stages. The genes' positions relative to the eight seed developmental stages reflect when they are expressed predominantly during seed development. Brackets each connect a duplicated gene pair formed a WGD event that occurred approximately 13 million years ago in soybean. [Colour figure can be viewed at wileyonlinelibrary.com]. different developmental stages (e.g., 10-42 days after flowering) of Williams 82 were generated by Shen et al. (2014) [NCBI Sequence Read Archive (SRA) numbers: SRX474416, SRX474419-SRX474424, SRX474426-SRX474446].
Plasmid construction and plant transformation
The full-length CDSs of GmLEC1a, GmLEC1b and GmABI3b were amplified by RT-PCR, and then the CDSs and/or fused CDS fragments were inserted to pCR8/GW/TOPO vector (Invitrogen, catalog no. K2500-20) . Subsequently, the verified inserts were cloned into pBI-DGR-GW (Mangeon et al., 2011) to generate the Pro35S: GmLEC1a-GR, Pro35S:GmLEC1b-GR, and Pro35S:GmABI3b-GR constructs.
The 2.5-kb upstream sequences from the start codon (ATG) of GmWRI1a and GmWRI1b, the CDS of GmWRI1a and GmWRI1b, the 1-kb downstream sequences of the GmWRI1a and GmWRI1b from the stop codon (TAG) were amplified from Williams 82 and cloned into the pGEM â -T Easy Vector (Promega, catalog no. A1360). Selected pGEM â -T Easy clones with verified 2.5-kb upstream sequences were digested with PstI/BamHI and ligated with PstI/ BamHI-digested pPZP212 vector to form a construct dubbed ProGmWRI1a, and Pro-GmWRI1b. Then the selected pGEM â -T Easy clones with the portions of GmWRI1a and GmWRI1b from the start codon to the stop codon were digested with BamHI/XmaI and ligated with the BamHI/XmaI-digested Pro-WRI1a and Pro-WRI1b constructs to form Pro-GmWRI1a-GmWRI1a, Pro-GmWRI1a-GmWRI1b, Pro-GmWRI1b-GmWRI1a, and Pro-GmWRI1b-GmWRI1b. Finally the selected pGEM â -T Easy clones with 1-kb downstream sequences were digested with XmaI/KpnI and ligated with XmaI/KpnI-digested Pro-GmWRI1:GmWRI1 constructs to form the final constructs, ProGmWRI1a:GmWRI1a:TerGmWRI1a, ProGmWRI1a:GmWRI1b:TerGmWRI1b, ProGmWRI1b:GmWRI1a: TerGmWRI1a, and ProGmWRI1b: GmWRI1b:TerGmWRI1b.
For the ProGmLEC1:GmLEC1:TerGmLEC1, ProGmABI3: GmABI3:TerGmABI3 and ProGmFUS3:GmFUS3:TerGmFUS3 constructs, an~2.5-kb upstream sequence from the start codon, the CDS, and an~1 kb downstream sequence from the stop codon in Williams 82 were amplified and ligated into pPZP212. The final constructs were produced in a procedure similar to used for producing the ProGmWRI1:GmWRI1:TerGmWRI1 constructs. These constructs were then introduced into Agrobacterium tumefaciens (strain GV3101) or Agrobacterium rhizogenes (strain K599). Arabidopsis transformation was conducted using the floral dip method (Clough and Bent, 1998) . Soybean hairy root transformation was conducted following a protocol described by Kereszt et al. (2007) .
Yeast GAL4 system-based transactivation assay
The cDNA of GmWRI1a and GmWRI1b were cloned into EcoRI and BamHI sites, and fused in-frame to the GAL4 DNA-binding domain in the pGBKT7 vector. The transactivation assays were conducted following a protocol described by Choi et al. (2004) . The GmWRI1a-pGBKT7 and GmWRI1b-pGBKT7 constructs were transformed into the AH109 cells and selected following a protocol described by (Gietz et al. (1992) .
Subcellular localization
The respective CDSs and promoters of GmWRI1a and GmWRI1b were fused with the C terminus of GFP and integrated into the GATEWAY binary vector pGWB404, separately. The constructs were subsequently introduced into leaf epidermal cells of 3-to 4-week-old tobacco by A. tumefaciens infiltration and incubated at 28°C overnight. GFP fluorescence was detected with a confocal microscope (Nikon 90i).
Measurement of fatty acids content in Arabidopsis seeds
Approximately 10 mg dry Arabidopsis seeds collected from 20 to 30 homozygous T2 progeny lines derived from at least five to six independent transgenic events for each gene were used to extract total fatty acids, which were measured by gas chromatography using a protocol described previously . Seed oil content of the 100 soybean accessions was retrieved from the USDA Soybean Germplasm Collection (http://www.ars-grin.gov/ npgs/).
EMSA assays
The vector pET28a-GmABI3b was constructed to produce a GmABI3b-His fusion protein in the E. coli (BL21) cell line. The expressed GmABI3b-His proteins were purified using Ni Sepharose 6 Fast Flow columns (GE Healthcare Life Sciences). The single-stranded oligonucleotides (oligos) for EMSA assays were commercially synthesized. The wild-type oligo corresponding to the À2258 to À2286 region in the GmWRI1a promoter harbors 'CATGCA' (À2271 to À2276), while the mutated oligo was formed by replacing 'CATGCA' with 'AGATAG'. Different amounts of nonlabeled wild-type or mutated oligos were used to compete with the digoxigenin-labeled probes. The DIG Gel Shift Kit (Roche, 3353591910) was used in the EMSA assays.
Germination experiments
Only Arabidopsis seeds matured at the same time were used for evaluation of their germination abilities. Seeds were first sown on ½MS medium with or without supplementation of 2 lM ABA and incubated at 4°C for 4 days, and then incubated at 22°C under the condition of 16 h light and 8 h dark for 7 days.
Analyses of homologs and syntelogs
The selected Arabidopsis genes were used to BLAST-search against all the annotated soybean protein genes and common bean genes to examine interspecific synteny. The syntenic regions surrounding the identified homologous genes between soybean and common bean were defined by MCScanX (Wang et al., 2012) . The duplication status of these soybean genes was described previously (Zhao et al., 2015) .
Sequence divergence and phylogenetic analyses
Homologous sequence alignments, calculation of Ka and Ks, and construction of phylogenetic trees were performed following the protocols described previously (Zhao et al., 2015) .
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